Even when a macroscopically uniform deformation is applied to a polycrystalline material, the generated microscopic strain distribution will not be uniform due to factors such as the non-uniform grain orientation distribution and grain boundaries. Despite the strong need to accurately measure strain distributions, suitable method is limited. This study proposes an experimental method for estimating strain distributions in polycrystalline materials. The in-plane displacement distribution was determined by analyzing microscopy images obtained before and after deformation and calculating the displacement differences. The active slip plane was then determined by comparing the angle of {111} planes in each grain and the slip line angle obtained from scanning electron microscope (SEM) images. Finally, six components of strain tensor were estimated by assuming a single slip system.
Introduction
It is strongly desired to establish a method to accurately measure strain distributions in polycrystalline materials.
Consequently, various techniques have been investigated to achieve this, including synchrotron X-ray diffraction, electron backscatter diffraction (EBSD), and digital image correlation (DIC).
Methods based on synchrotron X-ray diffraction involve estimating the strain from diffraction parameters such as half widths 1) . However, synchrotron X-ray diffraction methods require large-scale facilities. EBSD methods involve estimating the plastic strain by analyzing the atomic arrangement; for example, plastic strain distributions are estimated by evaluating changes in the crystal orientation using factors such as the kernel average misorientation or the grain orientation spread, etc 2) . Although the strain distribution estimated by EBSD agrees well with the macroscopic strain qualitatively, a quantitative correspondence with the microscopic strain has yet to be realized. DIC methods involve measuring the displacement distributions by analyzing surface images obtained before and after deformation. The strain distribution can then be estimated by calculating from differences in displacement. However, this estimation is limited to in-plane components 3, 4) . This study proposes a detailed method for estimating the strain distribution in μm-scale. Two-dimensional strain calculations by DIC and crystal orientation analysis based on {111}<110> slip system in face centered cubic structures are combined to accurately estimate the strain distribution.
Principle of strain calculation method

Displacement measurement by DIC
Two-dimensional displacement distributions were measured by DIC 3) . To measure the (x, y) displacement in the image before deformation as shown in Fig. 1 , small x × y rectangles centered on (x, y), which are called subsets, are considered. The range with the highest correlation is then determined using Eq. (1).
( 1) where b(x, y) and a(x, y) are the image brightness before and after deformation respectively, and m and n respectively satisfy x = 2m+1 and y = 2n+1. To perform DIC, color images are converted to grayscale images by averaging the three primary colors using Eq. (2).
where R, G, B, and Gray are red, green, blue, and grayscale level, respectively. The displacement can be estimated on a sub-pixel-order using the following least-squares curve 
Two-dimensional strain calculation
The plane strain distribution can be calculated by the difference of the displacement. Approximate values of the true strain were calculated using Eqs. (6)-(8).
(6)
where m p is the measuring step used to calculate the displacement difference. The in-plane strain can be calculated using microscopy images obtained before and after deformation.
Determination of active slip plane
Assuming that deformation in a polycrystalline material mainly occurs through slip deformation, the strain distribution can be estimated by considering the two-dimensional strain distribution and the crystal orientation in detail 5) . Since austenitic stainless steel has a faced centerd cubic structure, slip deformation mainly occurs in {111}<110> slip system and the direction of the slip system can be estimated from the crystal orientation. EBSD analysis outputs z-x-z Euler angles by using 1 , , and 2 (see Fig. 2 ). By using these three parameters, the rotational matrix R can be calculated using Eq. (9). 
where C and S represent the cosine and sine functions, respectively. By using Eq. (9), the normal vector to the {111} plane can be calculated in specimen-based coordinates. The active slip plane is then determined by comparing the calculated angle of {111} and x-y planes and the slip line observed in the SEM image.
Considering the direction of the active slip plane, the normal vector of the slip plane n can be expressed by 
Three-dimensional strain estimation
Assuming that the deformation of a polycrystalline material mainly occurs due to single slip deformation, the normal strain, whose direction is perpendicular or parallel to the slip plane shown in Fig. 3 , will be zero. This leads to the Eqs. (11)-(13).
Where n is the normal strain perpendicular to the slip plane and m and m' are normal strains that are parallel to the slip plane. The specimen shown in Fig. 4 (b) was machined by an electric discharge machine. Its surface was polished by emery papers #800, 1500, and 3000 and by 1-μm diamond paste buffing prior to performing electric polishing using 5% perchloric acid (acetic acid solution) and measuring the crystal orientation by EBSD.
Since DIC analysis requires appropriate surface condition, the specimen was etched by 10 % oxalic acid for 30 s after measuring the crystal orientation by EBSD. Then, the tensile tests were performed while carrying out microscopy observations. As a result, surface image for DIC analysis shown in Fig. 5 was obtained.
Effect of analysis conditions in DIC on the accuracy of measurement
Since the accuracy of DIC analysis depends on the experimental and analysis conditions, the effects of these conditions were evaluated.
Effect of subset size
The effect of subset size was evaluated. By using the microscopy images shown in Fig. 5 , the displacements in the x direction, u were calculated for subsets that were 11, 21, 31, 41, 51, and 61 square pixels in size. Fig. 6 shows the displacement distribution. Since the displacement distribution is assumed to be continuous, the discontinuities are assumed to be due to measurement errors. 
Effect of subpixel estimation parameter
By using least square curve of Eq. (3), sub-pixel order resolution of displacement can be obtained. The coefficients of the curved surface can be obtained by using correlation value which were separated less than or equal to d pixel from pixel order solution (u p , v p ) by using Eq. (4). Here, the effects of sub-pixel estimation parameter, d were evaluated.
A sub-pixel-order displacement was measured by using microscope image shown in Fig. 5(a) and 2% enlarged image, which was created by image processing software. Then, the actual displacement in x and y satisfy u(x, y) = 0.02(x -800) and v(x, y) = -0.01(y -600) respectively, and the difference between measured displacement and actual displacement can be evaluated as error. 
Estimation of detailed strain distribution
Plane strain calculation
Based on the experimental and analysis results, the plane strain was estimated under the conditions given in Table 1 . 
Determination of active slip plane
The slip systems of the polycrystalline material were estimated by considering the crystal orientation shown in Fig. 10(a) . The angle between {111} and the x-y plane was calculated. By comparing the calculated intersection angle and the slip line in the SEM image ( Fig. 10 (b) ), the slip plane was estimated, as shown in Fig. 10(c) . 
Three-dimensional strain estimation
The three-dimensional strain components were calculated ( 
Conclusions
In this study, an experimental method for estimating the three-dimensional microscopic strain distribution by combining DIC and crystal orientation analysis was proposed and the following conclusions were obtained:
(1) The subset size of 51×51 pixels is sufficiently large to accurately measure the displacement, and the sub-pixel estimation parameter, d should be set to one pixel for accurate sub-pixel-order measurement.
(2) Qualitatively adequate displacement were measured by employing sub-pixel estimation by employing least square curve.
The active slip plane was estimated by comparing slip line and the intersection of the {111} plane with the x-y plane.
Then, assuming that deformation of a polycrystalline material occurs due to single slip deformation, the three-dimensional strain component of microscopic strain distribution was calculated.
